The organization of viral DNA sequences in several cell lines derived from a primary colony of simian virus 40 (SV40)-transformed mouse cells was analyzed to examine the origin of the various distinctive patterns of SV40 sequence arrangement present in transformed cells. This analysis revealed a complex arrangement of viral sequences in the uncloned transformed cells but simplified arrangements in cloned derivatives of the primary transformant. The cell lines studied had certain SV40 sequence arrangements in common, but the cloned lines had lost some parental arrangements and acquired new arrangements. These results indicate that the arrangement of viral sequences in some SV40-transformed cells is not fixed but that alterations occur after integration, creating a heterogeneous population of transformants. In the process, expression of viral genes may be altered. Possible causes for and implications of this genetic instability are discussed.
The organization of viral DNA sequences in several cell lines derived from a primary colony of simian virus 40 (SV40)-transformed mouse cells was analyzed to examine the origin of the various distinctive patterns of SV40 sequence arrangement present in transformed cells. This analysis revealed a complex arrangement of viral sequences in the uncloned transformed cells but simplified arrangements in cloned derivatives of the primary transformant. The cell lines studied had certain SV40 sequence arrangements in common, but the cloned lines had lost some parental arrangements and acquired new arrangements. These results indicate that the arrangement of viral sequences in some SV40-transformed cells is not fixed but that alterations occur after integration, creating a heterogeneous population of transformants. In the process, expression of viral genes may be altered. Possible causes for and implications of this genetic instability are discussed.
Cellular transformation induced by simian virus 40 (SV40) results from expression of a portion of the viral genome which is integrated within the host cell DNA (19) . Recently, the patterns of integration of SV40 sequences in several transformed cell lines have been analyzed (4, 5, 14; G. Ketner and T. J. Kelly, J. Mol. Biol., in press). From the results of these studies, it may be concluded that there are many sites in cellular DNA into which SV40 may integrate and that there are multiple sites in the viral genome at which recombination with host sequences may occur. An assumption underlying such conclusions is that rearrangement of integrated viral DNA does not occur after the primary integration event.
To gain a better understanding of the mechanism resulting in stable integration patterns in transformed cells, we analyzed the SV40 sequences present in cells grown from a primary colony of SV40-transformed BALB/c 3T3 mouse cells as well as the viral sequences in each of several lines generated by consecutive cloning of the primary transformant. This analysis revealed that the pattern of integration of SV40 sequences in the primary transformant is not stable. Alterations in the arrangement of viral sequences result in the appearance of new integration patterns in clones derived from the primary transformant. These results suggest that the arrangement of SV40 sequences present in serially cloned, stable transformants may not be a true reflection of the initial integration of SV40 into cell DNA but rather may represent the cumulative result of events occurring after the primary recombination event.
( (6, 12) . A primary focus of transformed cells was isolated in liquid medium and recloned thrice in succession at 33'C by endpoint dilution. In this cloning procedure, trypsinized cells were plated at high dilution in 2-cm2 wells and allowed to grow into colonies. Individual clones were propagated from wells containing a single colony.
Viral and recombinant DNAs. SV40 DNA was prepared from BSC-1 cells infected with wild-type SV40 strain 776 as described previously (9) and purified by electrophoresis in 1.4% agarose gels (7) .
To ensure that SV40 DNA used for hybridization was not contaminated with mammalian cell DNA, SV40 DNA cloned in a plasmid vector was used in some hybridization experiments. Recombinant Cell DNA. High-molecular-weight cell DNA was prepared by a modification of the procedure of GrossBellard et al. (11) . Confluent cells were harvested by scraping or trypsinization, washed in phosphatebuffered saline, and lysed by incubation in 10 mM Tris-hydrochloride (pH 7.9), 1 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), and 0.1 mg of proteinase K per ml (Boehringer Mannheim Corp.) 12 to 16 h at 37°C. The lysate was extracted twice with an equal volume of phenol saturated with 0.1 M Tris-hydrochloride (pH 8.6) followed by two extractions with chloroform-isoamyl alcohol (24:1). After exhaustive dialysis against 10 mM Tris-hydrochloride (pH 7.4), 1 mM EDTA, and 10 mM NaCl, RNase A (Sigma Chemical Co.; DNase heat inactivated) was added to 40 ,ig/ ml, and the resulting solution was incubated for 2 h at 37°C. This was followed by addition of 0.1 mg of proteinase K per ml and incubation for 1 h at 37°C. After two phenol and two chloroform-isoamyl alcohol extractions, the aqueous component was dialyzed against 10 mM Tris (pH 7.4) and 1 mM EDTA. DNA was concentrated either by spooling on a glass rod from 33% isopropyl alcohol-0.3 M NaCl or, in studies where detection of free viral DNA was attempted, by ethanol precipitation, followed by resuspension in 10 mM Tris (pH 7.4) and 1 2 ,tg of Hind-III-digested phage A DNA. Electrophoresis was performed at 1 V/cm (1% gels) or 2 V/cm (0.7% gels) for 16 h in the previously described buffer (7) . After electrophoresis, the distribution of cell DNA fragments and position of the DNA fragments were documented by photography of the gel after staining with ethidium bromide.
DNA was transfered from the gel to a nitrocellulose sheet (Schleicher & Schuell Co.) essentially as described by Southern (18) . The DNA was denatured in the gel by immersion of the gel in 0.5 M NaOH-1.5 M NaCl for 2 h. The NaOH was neutralized by immersing the gel in 1 M Tris (pH 5)-3 M NaCl for 2 h. Transfer of denatured DNA to nitrocellulose was mediated by flow of 20x SSC (SSC is 0.15 M NaCl plus 0.015 M sodium citrate) through the gel over a 48-h period. After transfer, the filter was washed in 2x SSC and dried for 2 h at 80°C under vacuum.
Hybridization. The nitrocellulose sheets containing DNA were soaked in 2x SSC and 1Ox Denhardt solution (Denhardt solution is 0.02% Ficoll, 0.02% polyvinyl pyrrolidine, and 0.02% bovine serum albumin), 0.1% SDS, and 50 ug of heat-denatured salmon sperm DNA per ml for 4 h at 65°C. Hybridization was carried out at 68°C for 65 to 72 h in a plastic bag containing 0.05 M Na2HPO4-NaH2PO4 (pH 6.5), 2x SSC, lx Denhardt solution, 0.1% SDS, 50 jg of denatured salmon sperm DNA per ml, 10% (wt/vol) dextran sulfate, and 30 to 150 ng of denatured 32P-labeled SV40 DNA (viral or recombinant; specific activity, 4 x 107 to 20 x 107 cpm/,g). After hybridization, the nitrocellulose was washed in 2x SSC, 0.05 M Na2HPO4-NaH2PO4 (pH 6.5), and 0.5% SDS for 4 h at 65°C. After drying, the filter was subjected to autoradiography with an intensifying screen for 24 h to 3 weeks. SV40-specific sequences in DNA from line Bl-0 and its derivatives; autoradiogram of 32P-labeled SV40 DNA hybridized to cell DNA fragments generated by endo R. TaqI cleavage, separated by electrophoresis in 1.0%o agarose gels, transferred to nitrocellulose sheets, and hybridized to 32P-labeled SV40 DNA as described in Materials and Methods. The cell lines from which DNA was isolated are indicated at the top of each slot, as is the relationship of the cell lines to each other. Slot M contains a marker of linear SV40 DNA generated by TaqI digestion of circular SV40 DNA in the presence of BALBIc 3T3 DNA. The size (in kilobases) ofseveral fragments as determined from the mobility of A DNA fragments in the same gel is shown at the left. (a) SV40-specific fragments in Bl-0 and its clonal derivatives; (b) SV40-specific fragments in BI-ld and its clonal derivatives. tion density, ability to grow in soft agar, and ability to overgrow normal monolayers (data not presented). The two exceptions were B1-2a and its subclone B1-3, whose growth characteristics resembled those of normal BALB/c 3T3 cells and which did not contain SV40 T antigens detectable by immunoprecipitation. Detailed characterization of these two transformation revertants will be described in a subsequent communication.
RESULTS
SV40 sequence arrangement in cell DNA. To investigate the stability of SV40 sequences in transformed cells and to attempt a determination of the basis for the spontaneous evolution of the transformation revertants, the high-molecular-weight DNAs from each of the cell lines were analyzed by restriction digestion followed by hybridization to 32P-labeled SV40 DNA. Figure 1 shows results of hybridization of SV40 DNA to cell DNAs digested by TaqI. This restriction endonuclease cleaves once within the SV40 genome. The pattern of integration of SV40 sequences in the original transformant, B1-0, was complex (Fig. 1) . There were over a dozen distinct SV40-specific fragments, and these varied considerably in radioautographic intensity. To further investigate the nature of SV40 integration in B1-0 cells, the arrangement of viral sequences in lines Bl-la, -b, -c, and -d was analyzed by TaqI digestion and hybridization. These lines, all of which were cloned from B1-0, showed a simplification in pattern of SV40 DNA integration (Fig. 1) . Each clone retained some SV40-specific fragments having the same electrophoretic mobility as fragments in the parental line (e.g., the 7.5-, 2.8-, 1.8-, and 1.5-kb, as well as the 5.2-kb, fragments) but each had lost other fragments (e.g., the 3.6-kb fragment in Bl-ld and Bl-lc and the 12.0-and 1.7-kb fragments in all Bl-1 lines). In addition, each clone contained a distinct major band not detected in the parent (e.g., the 8.0-and 3.5-, 3.5-and 1.6-, 3.2-, and 1.9-kb fragments in Bl-ld, -c, -b, and -a, respectively). Moreover, the integration pattern in each clone was distinct from that found in the other three.
It appears, then, that line B1-0 is not a homogeneous population. Heterogeneity of this line could result from the presence of several distinct primary transformants. This does not appear to be a likely explanation, since B1-0 was selected as a well-isolated colony from cells infected at a relatively low virus-to-cell ratio. On the other hand, the observed heterogeneity could result from rearrangement of viral sequences after integration. Indeed, the presence of certain common bands in all four B1-1 clones and the parental transformant indicates that the four clones have in fact evolved from a single primary transformant and are not merely derived from a mixed population ofseveral primary transformants. This conclusion is further substantiated by the results of analysis of the DNA in lines derived from one of the secondary cell lines, Bl-ld. The pattern of TaqI-generated DNA fragments containing SV40 sequences had been further altered in lines B1-2a, -b, -c (Fig.  1) . Each line retained at least one fragment whose mobility corresponded to that of a fragment in the Bl-ld and B1-0 progenitors. Each had lost at least one parental fragment, and two lines contained fragments not detected in the Bl-ld parent. The transformation revertant B1-2a and its subclone B1-3 had a single major SV40-specific fragment. Analysis of SV40 sequences in the clones derived from a secondary line, then, revealed alterations qualitatively similar to those observed in the initial cloning. All seven clones and subclones derived from B1-0 showed related but distinct patterns of SV40 sequence arrangement. Thus, the diverse integration patterns in the various cell lines appeared to have a common origin.
To confirm the results obtained by TaqI digestion of the various cell DNAs and to determine the number of SV40 integration sites in each cell line, the cell DNAs were analyzed by BglII digestion. This enzyme does not cleave the SV40 genome. Cell DNA fragments containing SV40 sequences are therefore generated when BglII cuts cell sequences adjacent to integrated viral DNA; the number of SV40-specific bands in a given cell line DNA indicates the number of sites at which SV40 was integrated within that cell line. Figure 2 shows the result of hybridization of SV40 DNA to cell DNAs digested by BglII. No free viral genomes were detected, since no SV40-specific fragments were seen migrating with the mobility of closed circular (I), open circular (II), or linear (L) SV40 DNA. As expected, the number of SV40-specific fragments present in the various cell lines was smaller than was the case with TaqI cleavage. In the majority of lines, however, SV40 DNA was integrated at more than one site. Again, as with TaqI analysis, an evolution in the arrangement of SV40-specific fragments was observed. The various cell lines had distinctive but related SV40 sequence arrangements. In most cases, sister clones shared some common parental fragments, lacked others, and contained one or more new fragments. (Fig. 2) ; unit-length SV40 fragments, then, were generated by TaqI cleavage of tandem arrays of SV40 sequences. The cell DNAs used in these analyses, however, were prepared by spooling from isopropanol, a procedure which might exclude the extraction of low-molecular-weight viral DNA. To circumvent this possibility, DNA extracted from several lines was concentrated by ethanol precipitation rather than by spooling and subjected to digestion by BglII. No free viral DNA was detected in any of the lines tested (Fig. 3) 1 ) presumably reflect such arrangements. Rearrangements become more obvious when the viral sequences in progeny clones are analyzed.
In the series of cells analyzed here, certain arrangements of SV40 sequences appear to be more stable than others. For example, the BglIIgenerated fragment (see Fig. 2 ) migrating with a size of 6.3 kb appears in all four Bl-1 lines and in B1-2a and B1-3. Retention of certain arrangements of viral sequences might afford the host cell a selective growth advantage. It is not readily apparent, however, that this is the case for the example just cited. Lines B1-2 and B1-3 contain SV40 sequences integrated at a single site in the host DNA (i.e., within the 6.3-kb BglII fragment). T antigens, however, are not expressed in these lines because the SV40 early coding region is not intact (M. A. Bender and W. W. Brockman, unpublished data). As a result, B1-2 and B1-3 have growth properties similar to those of normal BALB/c 3T3 cells. On the other hand, whether SV40 sequences are retained or lost may be determined by the nature of the cellular sequences to which the SV40 DNA is linked or by the absence or presence of tandem duplications of viral sequences (see below).
Comparison of SV40-specific restriction digest patterns of the progeny clones described in this communication relative with those of the primary transfornant reveals two types of alterations: (i) loss of certain SV40-specific fragments and (ii) acquisition of new SV40-containing fragments. Loss of SV40-specific fragments could result from loss of entire chromosomes or from deletion of smaller segments of DNA. The appearance of new SV40-containing fragments may result from point mutation at restriction sites or from deletions within either SV40 or flanking cell sequences. On the other hand, new fragments might arise from transposition of SV40 sequences either alone or accompanied by flanking cell sequences. The presence of tandemly integrated SV40 sequences in line B1-0 and its progeny clones suggests that complete copies of viral DNA might be released by homologous recombination between duplicated regions of viral DNA (13) . Free SV40 genomes generated in this fashion might then integrate at other sites within the cell DNA. In the case of the related virus, polyoma, free viral genomes (1, 2) and their apparent excision from tandem arrays of integrated viral sequences (1) If such mechanisms were operative, it might be expected that the arrangement of integrated SV40 in some transformants would be stable whereas those in others would be labile, depending on the proximity of the viral sequences to reiterated sequences or movable elements. Indeed, as noted above, in the present study some SV40 sequence arrangements appear to be more stable than others. The prevalence of labile associations between SV40 and cell DNA in transformed cells as well as the relationship of lability of SV40 integration patterns to the presence of tandemly integrated viral DNA and to the nature of adjacent cell sequences is presently under investigation.
In previous studies of the integration of SV40 DNA in rodent cell DNA (4, 5, 14; Ketner and Kelly, in press), transformants, which after recloning at least once were found to have relatively simple patterns of SV40 integration, were analyzed in some detail. Conclusions regarding the lack of site specificity for SV40 integration were based on the assumption that rearrangement of the integrated viral DNA does not occur after the primary integration event. More recently, two laboratories have found that cellular DNA sequences flanking integrated SV40 sequences are not colinear in the nontransformed parental cell line (4; P. Mounts and T. J. Kelly, personal communication), indicating that rearrangement of cell sequences has occurred coincident with or after the initial recombination between SV40 and cell DNAs. This finding, together with the data presented in this communication, suggests that the arrangement of SV40 sequences present in serially cloned, stable transformants may represent the cumulative result of events occurring after the primary integration event.
